Abstract: Wet precipitation (WP) is a diffusion-controlled synthesis method, which is often used for synthesizing such compounds as hydroxyapatite (HAp). Since the process is limited by diffusion, the choice of a diffusion model becomes a critical aspect. In this simplistic assessment for a preliminary evaluation of the diffusion model applicability, the Ginstling-Brounstein (GB) equation is chosen and analyzed for the case of spherical particles. The nominal kinetic constant K is a parameter in GB model which describes diffusion and is related to the effective molecular diffusivity. When the value of K is known, it becomes possible to predict the required time to achieve desired conversion and design the synthesis accordingly. The GB model is assessed mathematically using simulations, a parametric study and Yates analysis (2 n factorial design). Parameters chosen for a preliminary study are in the range of characteristic values for a laboratory-scale WP synthesis of HAp and are thus representative for the application of the model to practice. It should be noted that the analysis is simplistic and is meant to provide only preliminary information for future research, requiring experimental validation.
Introduction 1
The Ginstling-Brounstein (GB) model is applicable for describing diffusion-controlled processes, and its practical use has been investigated and reported for a wide range of applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Known applications that mention the GB model for describing the kinetics include the hydration of the portland cement particles [1] , solidstate synthesis of lanthanum manganite controlled by the three-dimensional solid-ionic diffusion [2] , solid-state synthesis of the compound Zn 2.5 VMoO 8 [3] , formation of magnesium ferrites [4] , dehydration of the iron(III) phosphate dihydrate [5, 6] , thermal degradation of carbohydrate polymers [7] , oxidation and decomposition of three-dimensional braided carbon fibers [8] , alkaline hydrolytic decomposition of the uncolored chromium leather wastes [9] , thermal stability evaluation of silver sulfathiazole-epoxy resin networks [10] , oxidation of boron powder [11] , wollastonite fibre dissolution in acetic acid aqueous solution [12] , xylan pyrolysis [13] , thermal degradation of DGEBA epoxy crosslinked with natural hydroxy acids [14] , and pyrolysis mechanisms of lignin-PVA blends [15] . The model has also been applied to some extent in the study of thermal modes of heterogeneous exothermic reactions [16] and the study of inclusion complexes in supramolecular host-guest architectures [17] , as well as a methodological study on determination of kinetics from DTA and TG curves [18] .
Wet precipitation (WP) is one of the most widely used hydroxyapatite (HAp) synthesis methods and is based on the reaction of calcium hydroxide with the orthophosphoric acid diffusing into the particle. Hydroxyapatite is the main mineral constituent of bones and teeth, and has found its application in various fields such as tissue engineering, orthopedics, prosthetics, drug transport and environmental remediation [19] [20] [21] [22] [23] . The orthophosphoric acid is added dropwise into the suspension. The reaction can be written as in the reaction Equation 1. 10Ca(OH) 2 + 6H 3 PO 4 → Ca 10 (PO 4 ) 6 (OH) 2 + 18H 2 O
In this work, the diffusion model is analyzed in the context of diffusion of orthophosphoric acid into the calcium hydroxide particle in a water suspension. However, it has to be noted, that in the studied case, the chemical reaction is much faster than the diffusion, thus, the orthophosphoric acid is diffusing into the reaction product (hydroxyapatite) [24] in reality. The model is somewhat simplified, since it does not account for the presence of byproducts which are normally created in the case of hydroxyapatite synthesis [25] . Another important assumption is that particles can be considered as spherical, which is often only an approximation. The coefficient D is the effective diffusivity. It describes the diffusion in the porous material, and is macroscopic in its nature, e.g., describes not the individual pores, but all the available pores in total [26] .
It is related to the molecular diffusivity D AB as shown in Equation 2 [27] . ,
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dard boundary conditions, Tile's modulus always appears as shown where τ is tortuosity; ϕ is available porosity; σ is a contraction factor. The available porosity is equal to the total porosity excluding pores, which are not accessible to the diffusant due to geometrical dimension restrictions, and excluding pores, which are not connected with the rest of the pore system and thus are closed. The contraction factor describes the decrease in the diffusion rate due to the increase of viscosity in the close proximity of pore walls (Renkin's effect) [28, 29] .
Since the diffusant reacts and diffuses into the particle, the resulting differential equation in the spherical coordinates in the steady state conditions can be written as in Equation 3 [27] . The diffusant's concentration at the particle's surface (r = 0) is C AS .
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where n is the reaction order; k n is the reaction rate constant. Solving Equation 3 for the standard boundary conditions, Tile's modulus always appears as shown in Equation 4 [27] .
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Since the outer resistance to diffusion is significantly less than the inner resistance of AB, compound's A concentration in the plane dividing A and AB can be considered constant. In the plane dividing AB and B, the concentration of compound A is always equal to zero due to much higher chemical reaction rate between A and B than that of diffusion [30] .
As the starting point in GB model a classical diffusion equation for spherical particles is used, represented by Equation 5 .
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The initial and boundary conditions are shown in Equations 6 -9.
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Experimental 2 Methods

2.1
Experiment simulations and analysis methods. The heterogenous reaction occurs at the Ca(OH) 2 particle surface. The diffusion model is assessed using the aforementioned GB model. The mathematical model is assessed using experiment simulations. The full output generated during the simulations is available in the Appendix of this work. The particle radius is assumed to be in the range of 0.5 -1.5 μm. It is known, that in practice it is common for the wet precipitation (WP) synthesis of hydroxyapatite to long for about 5 to 7 hours. It is then reasonable to assume that at this elapsed time the reaction is close to a completion and the conversion can be assumed to be in the range of 0.90 -0.95. Using the GB model, it is then possible to estimate the value of K.
The experiments are simulated, and the effect of K and R on conversion G is analyzed, as well as the effect of parameters G, R, τ on the value of K in calculations, with the help of statistical methods. 45 simulations were performed in total and are reported in the Appendix of this work. The data is analyzed using 2 n factorial design using Yates Algorithm, also known as Yates Analysis, in order to identify the percentile effect of parameters on the value of K in the model. The model in the form of Equation 12 is used.
Ethical approval: The conducted research is not related to either human or animals use.
Results and discussion 3 Experimental simulations 3.1
Numerical simulations of 18 experiments were performed, that is for the all possible combinations of extreme cases and also a few medium cases for particle radius and elapsed time within the boundaries of the first assumption as represented by the Equation 15. Values chosen for a preliminary study are in characteristic range for a laboratory-scale WP synthesis of HAp. R = 0.5, 1.0, 1.5 μm τ = 5, 6, 7 h (15) G = 0.90, 0.95
The algorithm of the simulations is as follows: the input parameters (particle radius, conversion and elapsed time) are inserted in the model. The value of K is obtained. Knowing the value of K, and setting G to a value from 0 up to 1 with a step of 0.05, it is then possible to calculate the time required for obtaining the respective conversion.
The results of these 18 simulations (S1 -S18) can be found in the Appendix of this work. The example of the simulation output with the input parameters being R = 1.0 μm, G = 0.9, τ = 7 h is shown in Table 1 .
Obtained values of the nominal kinetic constant K are summarized in Figure 1 .
As shown in the Figure 1 , it can be deduced that the expected value of K is in the range of about 1•10 -19 to 3•10 -17 m 2 /s. It should also be noted, that the larger the R, the larger the scatter of possible K values. Based on the 18 simulations, the results are analyzed via descriptive statistics and the average value of K in the expected range is reported in Table 2 . Based on the aforementioned assumption (Equation 15), the expected value of K in the practical conditions of wet precipitation synthesis of hydroxyapatite is 1.14·10 -17 ± 4.33·10 -18 m 2 /s (95% probability), which results in 37.87% uncertainty.
Influence of the particle size and nominal kinetic 3.1.1 constant on the conversion Analyzed particle radius infl uence on the conversion change in time, using the obtained average value of K = 1.14·10 -17 m 2 /s from the aforementioned 18 simulations (S1 -S18). Additional 6 simulations (R1 -R6) are performed, where the value of K is fi xed, and 6 diff erent R values are chosen: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 μm. Note, that radii higher than 1.5 μm are also used here, in order to obtain more data points and thus a fuller picture of the particle radius infl uence. Elapsed time in order to reach a specifi c value of conversion for particles of varying size is shown in Table 3 .
Simulations R1 -R6 can be found in the Appendix of this work. The effect of particle radius on the required time to reach the desired conversion is shown in Figure 2 .
Looking at the model (Equation 12) and Figure 2 , it is obvious that a twofold increase in particle radius results in a fourfold increase in the required elapsed time to reach the same conversion, if all other conditions are unchanged.
The effect of K on the conversion is assessed in the additional 3 simulations (K1 -K3) -in each of these, K is set to a constant value -respectively, in the expected range the minimum, arithmetic mean and the maximum value is used here, based on the results of the S1 -S18 simulations. In all of these simulations the particle radius is fixed and is 1 µm. Simulations K1 -K3 can be found in the Appendix of this work. The G = f(τ) relationship is shown in Figure 3 , and is a clear representation of how nominal kinetic constant K influences the time required to reach a desired conversion, and is a graphic representation of which is also clear from the model Equation 12. Looking at the model (Equation 12) and Figure 3 , it is clear that a twofold increase in nominal kinetic constant results in a twofold decrease in the required elapsed time to reach the same conversion, if all other conditions are unchanged.
In order to evaluate the mathematical model and to determine the effect of factors R and K on the conversion, the combined analysis is necessary, using descriptive statistics and dispersion analysis ANOVA, two-factor without replication [32] . The analyzed particle radius R and nominal kinetic coefficient K effect on conversion G = 0.90, using results of aforementioned simulations S1 -S18 and of the additional 18 simulations S19 -S36 in order to obtain a fuller picture of the influence. Results of these additional simulations can also be found in the Appendix.
Based on the results of the dispersion analysis shown in Table 6 it is deduced that the percentile effect of factor R is 95.38%, of factor K is only 2.80%, and the error scatter (unexplained dispersion) is 1.82%. However, based on the Fisher's criterion at α = 0.05, the effect of both factors is significant, since F R = 105.040 > F 0.05 = 3.326 and F K = 7.712 > F 0.05 = 4.103. Since the effect of both factors R and K is significant and the numbers of residual degrees of freedom are ν e, R = 5 < 10 and ν e, K = 2 < 10, the dispersion analysis can be stopped here. Based on the analysis it is thus possible to conclude that the effect of the particle size on conversion is significantly larger than that of the nominal kinetic constant. These results indicate that the synthesis time during wet precipitation can be significantly decreased by decreasing the particle size.
Effect of conversion, particle size and time on the 3.
nominal kinetic constant value in the model
In the analysis a 2 n factorial design, or Yates Analysis, is used. Complete factorial design (CFD) -a set of multiple measurements or simulations, which satisfies the following conditions: (1) The number of measurements or simulations is 2 n , where n is the number of factors; (2) Each factor has only 2 values, the lowest and the highest; (3) During the measurement or simulation the lowest and the highest values are combined in all possible combinations. The advantage of such a design is the ease of parameter evaluation [33] .
The influence of G, R and τ on the resulting value of K in the model is analyzed. 2 3 =8 simulations are required in order to satisfy the aforementioned condition. The parameter configuration for the respective simulations is reported in Table 7 , where "-" and "+" stands for the lowest and highest value, respectively. Based on the earlier described value range the input parameter values are the following: R min = 0. Results of the simulations can be found in the Appendix of this work. The results of the simulations are shown in the form of a matrix as represented in Table 7 according to the Yates analysis condition.
All 8 combinations and simulations are reported in the specific order as shown in Table 7 . All responses are sorted as shown in Table 8 . The values of the first column are then calculated -first 4 values are obtained by summing response pairs. For instance, the first value of the first column is the sum of a mean value and the effect's response of R; the second value is obtained by summing G and R·G responses. The last 4 values in the first column are calculated in an analogous fashion, but with the detraction of the responses. For example, the fifth value of the first column is found by detracting response mean from the effect's response of R; the sixth value is found by detracting the G response value from the R·G response.
The second and third column is calculated in the similar manner as the first column, but in the place of responses first and second column values are used, respectively. This algorithm is then continued until the number of numbered columns is the same as the number of factors, which in this case is equal to 3. Values of the Furthermore, it is possible to evaluate the effect sign; if a sign is "+" or "-", then by increasing the parameter, the response increases or decreases, respectively. It can be concluded that the highest effect on the calculated value of the nominal kinetic constant K is the particle radius R, and is 59.95% as can be seen in Figure 4 and Table 8 . The analysis also shows the coupled effect of parameters, which is most significant for the particle radius coupled with time. Thus, in order to obtain K values with a higher precision using the GB model, the highest attention has to be given to the measurements of the particle radius R.
Conclusion 4
In this short and simplistic preliminary study, a mathematical assessment of the Ginstling-Brounstein (GB) model showed that it can be potentially useful in describing the diffusion-controlled synthesis as in the case of wet precipitation (WP) of hydroxyapatite (HAp) using values of the parameters characteristic to the laboratoryscale synthesis of HAp. Particle size determination has the most significant effect (59.95%) on the kinetic coefficient value calculations and thus the highest attention has to be given to the careful measurements of the particle size in order to obtain K values with a high precision. It should also be noted, that reducing particle radius can significantly reduce diffusion-controlled reaction time in order to reach a desired conversion, even operating within the characteristic range of WP parameters in practice, and thus the overall synthesis time can be significantly reduced. An experimental validation of the model will follow. 1.12 -
Figure 4:
The percentile effect of parameters on the value of K in the model.
